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03 ATOMIZATION I N  CARBURETORS* 

. B3.F. .IT. Schecbe l  

. .  
One o f  ' the  most i m p o r t a n t  o f  ! t h e  p rob lems  which are 

s t i l l  ra ther  hazy i n  t h e  c o n s t r u c t i o n  of modern l i g h t  ea- 
g i i l e s  i s  t he  f o r m a t i o n  o f  t h e  n i x t u r e .  mile t h i s  prob-  
lein iiay be r e g a r d e d  as p a r t l y  s o l v e d  f o r  heavy i n t e r n a l  
colabust ion e n g i n e s ,  so f a r  as e n g i n e s  f o r  g a s e o u s  fue l s  
a r e  c o n c e r n e d ,  and f n  some o t h e r  c a s e s  t h e  fundamen ta l  
p r i i i c i p l c s  at l o a s t  have been s t u d i e d ,  as i n  s o l i d  i n j e c -  
t i o r ,  o i l  e n g i n e s ,  i n  t h e  wide f i e l d  o f  ca rbure tor  e n g i n e s  
(which, w i t h  a few s c a t t e r e d  e x c e p t i o n s ,  are i d e n t i c a l  

w i t : -  t h e  l i g h t  ong inos  o f  . t h o  p r e s e n t  day)  one o f  ths m o s t  
i m g o r t a n t  problems o f  n i x t u r e  f o r m a t i o n ,  t h a t  o f  f u e l  'sub- 
d . i v i s i o n  o r  a t o m i z a k i o n ,  as i t  i s  usually c a l l o d ,  i s  on-' 
t i r e l y  untouchod.  I t  is, indood,  m o l l  known that f u o l  at-  
oi i l izat ion i s  fmprovod by h i g h  c z r b u r o t o r  a i r  s p e e d ;  t ha t  
i s  c o r c l u d c d  f r o m  o n g i n e  porformanco at low ong ino  s_nccd. 
A t t c E p t s  havo also bocn mado t o  improve a t o m i z a t i o n  by 
changes  i n  t h o  f u o l  n o z z l o s ,  o t c .  B u t  t h o  f u n d a m e n t a l s  o f  
t h o  a t o n i z a t i o n  p rob lem z r o  s t i l l  v o r y  obscure. -One knows 
t n o  i n f l u o n c o  n o i t h o r  o f  t h o  p h y s i c a l  p r o p o r t i a s  of t h o  
f u e l ,  nor o f  t h o  air  spood,  n o r  o f  t h e  shapo o f  t h o  carbu-  
r o t o r  t h r o a t .  
---- 

*?rem J a h r b u c h  d e r  Vissenschaf  t l i c h e n  G e s e l l s c h a f t  f l r  
L u f t y a h r t ,  1927,  pp. 140-6. 

T r a n s l a t o r ' s  n o t e :  This l e c t u r e ,  which w a s  t r a n s l a t e d  
m i t h  t 5 e  p e r n i s s i o n  o f  D r .  Scheube l ,  a p p e a r s  t o  t h e  t r a n s -  
l a t o r  t o  c o n t a i n  t h e  b e s t  p i c t o r i a l  d e s c r i p t i o n  h e  has y e t  
seeii o f  t h e  phenomena a t t e n d i n g  a t o m i z a t i o n  i n  an air  
s t r e a n .  As i t  also seems t o  h i m  ( r e f e r e n c e  3 )  that s o l i d  
i n j e c t i o n  has a p h y s i c a l  background q u i t e  s imilar  t o  that 

of: a i r  and l i q u i d  at t h e i r  i n t e r f a c e ,  t h i s  i n v e s t i g a t i o n  
also q ; J e s r s  t o  heve  . an  impor t an t  bearing on s o l i d  i n j e c -  

s t u d y  o f  c o n p r e s s i o n - i g n i t i o n  e n g i n e s  f o r  a i r c r a f t ,  i t  
seeras i m p o r t a n t  t o  havo an E n g l i s h  t r a n s l a t i o n  a v a i l a b l e .  

c of eir stream a t o m i z a t i o n ,  a s  r e g a r d s  t h e  r e l a t i v e  mot ion  

t i o n ,  S i n c e  the l a t t e r  i s  .of i n t e r e s t  i n  r e g a r d  t o  t h e  
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A s  t k i s  problem,  b e s i d e s  i t s  g r e a t  2 r a c t i c a l  in?or -  
tn i lce ,  i s  a l s o  v e r y  i n t e r e s t i n g  ~ l y d r o d y i i a n i c a l l y ,  a s t u d y  
o f  ? , t o i i i i z a t i o i i  i n  c a r b u r e t o r s  was  begun i n  t h e  Aerodynam- 
i c  I a s t i t c t e  of t h e  T e q k i i c a l  :iigh. School  at Aaclien, which 
had r-.,lready becn working  f o r  a l o n g  t i n e  O i l  t h e  e l u c i d a -  
t i o n  of  t 'ne p h y s i c a l  q u e s t i o n s  of c a r b u r e t o r  c o n s t r u c t i o n .  

Photogrz2hy was chosen  as t h e  on ly  s u i t a b l e  means of  
r e c o r d i n g  t h o  phenomena which o c c u r  when t h e  fuel e n t e r s  
t h e  a i r  s t ream.  The d i f f i c u l t i e s  a r e  s e r i o u s .  On accomi t  
09 t k e  f i i i e n e s s  o f  t h e  d r o p l e t  measurement and t n e  h i g h  
speed  o f  mot ion ,  t k e  i l l u m i n a t i o n  m u s t  be v e r y  b r i e f ,  as 
a s k o r t  c a l c u l a t i o n  w i z l  sl iow: 
amc t s r  i s  noving  w i t h ,  a. spood o f  1 0 0  m/s, i t  t r a v e l s  t h e  
l e i i g t h . 0 2  i t s  d i a m e t o r  i n  

If  a drop  2/100 mm i n  a i -  

D 2 - 2 ----- - - 
. 100 x 100 x l o 3  10000000 

IT O i l 6  w i s h e s  t o  o b t a i n  a u s e f u l  g i c t u r e  of such a small 4 

p a r t i c l e  inovink s o  f a s t ,  lie inust u s e  an i l l u m i n a t i o n  which  
l a s t s  loss t h a n  lo" s. Such short  t i m s  may be o b t a i n e d  
3g o l e c t r i c  i n s t a n t a n e o u s  p h o t o g r a p h y ,  where t h e  o b j e c t  t o  
b e  - g h o t o p q h e d  i s  i l l u m i n a t e d  by an e l e c t r i c  s p a r k ,  whose 
d a r c t i o n  i s  t h e  i l l u m i n a t i o n  t ime.  The 2 r i n c i p a l  d i f f i -  
c n l t y  i s  i n  o b t a i n i n g  v e r y  b r i e f  s p a r k s  with t he  maximum 
enorgy c o n t e n t  p o s s i b l e .  I c a n n o t  go  f u r t h e r  i n t o  d e t a i l s  
Lere .  I mv-st r e f o r  t o  a @ q e r  i n  $;io n e x t  volume of t l i e  

I t  3-ilr" t f ol;r t If t r cii s a c  t i o n s . 
I t  rrould a l so  l e n d  t o o  f a r  t o  g o  i n t o  d o t a i l s  on t h o  

~ 3 o s s i S i l i t y  of e r r o r  i n  t h e  work. Only one s o r t  of e r r o r ,  
w : , ? i c k  i s  n i izvoida 'd lo  and t k e  r s c o g c i t i o n  of miiich i s  nec-  
c s sc . ry  f o r  t k c  c o r r o c t  i n t e r p r e t a t i o n  o f  t h e  p i c t u r c s ,  
iJI.,ic;i I s h n l l  show l a t e r ,  m i l l  bo 3 r i o f l y  c o a s i d o r c d .  P i e  
p:ioto{;ra?hs a r c  i n s t a n t n n o o u s  p i c t u r e s  o f  a d o f  i n i t e  p o r -  
t i o i l  of sr)r?.co, 2nd t k o r o f o r o  show t l i o  d i s t r i 5 u t i o n  o f  t;ic 
d r o p s  i n  t k i s  spaco  at t l i i s  i n s t a n t .  X i i s  s p a t i a l  d i s t r i -  
b u t i o n ,  Iiomovor, d o o s  n o t  cor rospoi id  T O  t h o  a c t u a l  c o n s t i -  
t u t i o n  o f  t h o  n i x t n r o ,  s i n c u  d i f f e r o n t  p c r t e ,  a c c o r d i n g  t o  
t:;lcir s i z o  and p o s i t i o n ,  a c q - i i r o  d i f f o r o u t  sL20cii.s and 
hoiico do n o t  rornnia f o r  tLa  sr?,~io t imo i n  t h o  f i c t l d  of viow. 

R a t h e r  w i l l  t h e  lar;;.sr d r o p s ,  on accoun t  of t h e i r  
s ian l le r  r a t i o  pf s u r f a c e  t o  volume,  be a c c e l e r a t e d  m r e  
s l o w l y ,  n n d  thereL'ore  a c e d  inore t i m e  t o  c r o s s  t h i s  p o r t i o n  
p f  s p a c e t  t i a n  t L e  smaller  d r o p s .  Hence t k e  p h o t o g r a p h s  



* .  

+' .. 

3 

S ~ O V  ilo2.e l e r g e  dro;>s than  corres-3ond t o  t h e  actual con- 
s t i t v - t i o a  o f  t h e  .r lx 'cure.  The actx:Ll c o n s t i t u t i o n  i s  g i v e n  
by t k e  d r o p s  c r o s s i n g  a g iven  s e c t i o n  i n  u n i t  t ime .  A 
mea6urernent by ~ i n o n a t i c l p h o t o ~ r a ~ h y  i s  c o n c e i v a b l e ,  which 
i s  f a n d a m e n t a l l y  p o s s i l j l e ,  bu t  i n  bhe p r e d e n t  c a s e ,  c o u l d  
oi i ly  be c a r r i d  through w i t h  eons ic lorab le  expense .  

Tho a 9 p a r a t u s  (f.ig. 1 )  i s  v o r y  s implo:  A blomor sup- 
pl.;los 'air th rough  a measur ing  t u b o  t o  t h o  ca r ' ou ro to r  mod- 
01. T'io l i q u i d  undoz investigation f l o w s  t o  t h o  ca rburo -  
tor f r o m  a measuring v o s s 6 1  and a f l o a t  chamb.or w i t h  rogu- 
l a t i n g  arrangomont., -Tho mixturo  is l o d  t o  a s o p a r a t o r ,  
whoro'rnost o f  t h o  l i q u i d .  $ 8 '  proc fp i t a tod , - .  The c a r b u r o t o r  
Iilodols a r o  b u i l t  i n t o  a p b o t o g r a p h i c  a 2 p a r a t u s .  They are  
illuminated by a bui l t - in  spark, whoso l i g h t  i s  gu ided  by 
a. c o n c a v e . n i r r o r  t o  t h e s e , ' a n &  %hen t o  t'he o b j e c t i v e  .and 
t o  % L e  ? l a t e .  The m o d e l s  t hemse lves  ( f i g .  .2) are made o f  
p i e c e s  , o f  c a rdboa rd  w i t h  p l a t e  g l a s s  windows. They are 
f - s t e i i e d  i n  w i t h h ' n e t a l  frameg, s o  t h a t  t h e y  xay  e a s i l y  b a  
cka>ged. I show l a t e r ,  w i t h  t h e  r e s u l t s ,  t h e  $ a r t i c u l a r  
f ori.19 which were i n v e s t i g a t e d .  

d1co;lol  and w a t e r  mere the l i q u i d s  s t u d i e d .  The cus-  
t o . x z y  f u e l s  cou ld  n o t  bc nsod  on account  o f  ' their  h i g h  
ao[;rce o f  i n f l a n m a b i l i t y  and t h e i r  bad e f f e c t  on t h e  
b r e a t h i n g  organs .  Alcohol  i s  v e r y  s i ia i la r  t o  t h e  c u s t o -  
nary f u e l s  l i k e  g a s o l i n o  and 3 o n z o l  i n  t hose  p h y s i c a l  p rop -  
c r t i o s  mhich a r o  i n p o r t a n t  i n  a t o m i z a t i o n ,  such  as d e n s i t y ,  
s u r f z c o  t o n s i o n  and v i s c o s i t y ,  and henco seems a good su5- 
s t i t u t e .  7 a t e r  w a s  chosen  on a c c o u n t  of i t s  h i g h  s u r f a c e  
t e n s i o n  (hLich  is a b o u t  tkLree t imes  that  of  t h e  usual f u e l ) ,  
s i i ico i g d r o d y n a n i c  c o n s i d e r a t i o n s ,  - t o  which I shal l  r e t u r n  
l a t e r ,  i n d i c a t e  that the  va lue  f o r  a t o m i z a t i o n  i s  propor-  
t i o n a l  t o  t k e  r a t i o  o f  t h e  s t a t i c  p r e s s u r e  of t he  a i r  
s t y e a n  t o  t k e  s n r f a c e  t e n s i o n  of t h e  l i q u i d  

This q i i a a t i t y  w i l l  be c a l l e d  t h e  a t o n i z i n g  c h a r a c t e r i s t i c .  

The n e x t  p i c t u r e s  were chosen  f r o n  t h e  r e s u l t s .  
T i i - s t  a comparison between wa te r  ( w i t h  s u r f a c e  t e n s i o n  T 
e b o i i t  7 5  dyn/cn)  and eJcohol ( w i t h  
171m l i r s t  p i c t u r o  ( s e r i e s  I )  S3oms t h e  c a r b u r e t o r  s e t -up ,  
<; Y c n t u r i  throat w i t h  a s m o o t h  t u b e  of 3.5 mm d i a m e t e r  a s  
l u e l  n o z z l e .  P i c t u r e s  2 and 3 show t h e  a t o m i z a t i o n  o f  

I! a b o u t  24 dyn/cm) . 



water at a i r  sTeeds o f  105 and 53 :n/s, r e s p e c t i v e l y ;  i ience 
K = 1 7 8 0  acd 450 cn- ' ,  r e s p e c t i v e l y .  P i c t u r e s  4 ,  5 ,  m d  
S sb-on .the a t o m i z a t i o n  o f  , - . l co ;~ol  c.t a i r  spoods  of  1 0 9 ,  
55 ,  :l:id 28.5 u / s ,  r e s p c c t i v o l y .  'The cor rc s>>ond ing  v a l u e s  
02 X arc 5020, 1460, and 415 c:a-', r e s p e c t i v e l 2 - .  The 
p i c t u r e s .  shorn v e r y  c l e a r l y  that  t h e  a t o i i l i z a t i o i l  of a l c o -  
h o l  i s  s i g n i f i c n n t l y  b e t t o r  t h a n  tha t  of m a t e r  at t i e  S , - a e  

a i r  siloed ( p i c t u r o s  2 and 4, 3 and 5, r o s p o c t i v o l y .  
TPliey :IPO s5on that  t h o  a t o n i z a t i o n  i s  s i m i l s r  n t  s i m i l a r  
v a l u e 8  o f  IC ( p i c t u r e s  2 and 5 ,  3 2nd 6 ,  r o s p o c t i v c l y ) .  
3 o t i l  tho f o r m  o f  t h e  l i q u i d  s t r e a m  a,t e x i t  and i t s  raa i f i -  
c a t i o i i s  and t h e  d rop  i l i a d e t e r s  a p p e a r  v.ery much a l i k e .  
Th-ds  tlie c o r r e c t n e s s  a f  t h e  c h a r a c t e r i s t i c  v a l u e  i s  a t  
1 e a  G t qual i.t a t  i v e l  y demons t r at e d . 

S e r i e s  I1 shows i n  f o u r  p i c t u r e s  a 2 p r o x i m n t e l y  t l ie 
l 0 7 e r  l i n i t  o f  ,IC at which one oan  s t i l l  sFeak o f  a tomiz-  
ation. The L i q u i d  i s  w a t e r ;  t h e  a i r  speed i s  27 a/s; 
heiice X = 120  c~1- l .  The w a t e r  comes Dut i n  a c l o s e d  
s t r o p 3  n k i c h ,  however ,  does  a o t  broni; up i a t o  nany scpa- 
r t o  t - i rcc-ds ,  a s  at high val,uos o f  K,, bv t  i s  d r k m  out 
i n t o  a l o n g ,  t h i n  n c i n - t h r o a d ,  froa which se i2ara to  t h r c d s  
a r c  drenn .  I n  t i a e  t i le n a i n - t i r e a d .  also d i s i n t e g r a t e s  i i l t o  
d i s c r e t e  d.rops, g i v i n g  tLe  c q p e a r a n c e  05 R s t r i n s  o f  ne,- ,r ls .  
3 r o . i  t h e  seL3arate ? i c t u r e s ,  e s p e c i a l l y  113 and 114, which 
SLOV p i c t u r e s  tcAen,  ~130u.t 1 / 4  second a p a r t ,  03 t h e  sene  
;? l<I , te ,  t h e  s e p a r a t e  phases o f  e x i t  and Sreak-up ceil be 
c l e e r l y  r ecogn ized .  A t  t h e  aaae  t i n e  one s e e s  s t r o n g  p r e -  
c i 3 i t a t i o n  on t i e  mal l s .  Tile c i r  speed- i s  no l o n g e r  suf- 
TiciciiC t o  c a r r y  a l o n g  t h e  c o a r s e l y  a t o n i z o c l  d r o p s .  An 
en{;ine would c e r t a i i l l y  n o t  be v e r y  s a t i s f a c t o r y  w i t h  such  
a p o o r l y  a tomized  n i x t u r e .  

The n e s t  t w o  s e r i e s  (IiI n;id IT) shorn a c o : i j ~ ~ + r i s o i ~  of 
t v o  --70i-.:is o f  f c e l  : i o x z l e ,  n i t h  e l c o i o l  os l i q u i d .  T:ie 
l i r s t  , : i c t u r e  o f  e a c h  s e r i e s  sLovs t2.e c a r b u r e t o r  s e t - T i 2 y  
i i1  " io t - ,  c a s e s  Vei i tur i  t ; lrOzwt i n t o  ml-icii a f u e l  x l o z ~ l e  
i s  x - i l t ,  Iii s e r i e s  iiI, t:ie llp i iozz leyI I  t h e  ope:iizg i s  
j u s t  be'niild 2.n a b r c p t  r-ridening o f  t;,e c r o s s  s e c t i o n  o f  t 3 e  
?ti* s t r e a u .  I d o  n o t  k n o w  a s c i e a t i f i c  reason f o r  t h i s  
shape;  however,  as t l l i s  o r  i? s i m i l a r  c!esign i s  q u i t e  a 
f a v o r i t e  i n  c m b u r e t o r  c o n s t r u c t i o n  at ; ? r e s e n t ,  i t  vas i n -  
v o s t i g h t o d .  S e r i e s  I V  shows a n o z z l e ,  tile A I  n o z z l e ,  v i t h  
o-pening ii; f r o n t  o f  a n  nbrirpt w i d e n i n g  o f  t h o  air strezril 
cross s o o t i o n .  The pu rposo  was, that t l i o  l i q u i d  50 -:- 
sua tc3od o f f  f r o m  t h o  efi-ge as c t k i n  3and a t  e x i t .  .-:o~J 
Pnr t:.,-,t i s  afytainGd i s  siiomn b y  t i l o  s o p a r a t e  p i c t u r o s ,  

.@ 
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t e 2 e i  f o r  air  speeds  o f  110, 5 8 ,  3 9 ,  and 3 2  m / s .  Corro- 
s2oad ing  v a l u e s  of K a r e  g iven  i n  each  p i c t u r e .  

The f i r s t  p i c t u r e s  of t h e  t w o  s e r i e s  show no i m p o r t a n t  
d i f f e r e n c e s . .  Tho o n l y  t h i n g  t h a t  i s  shown i s  a g a t h e r i n g  
t o g e t h e r  o f  t h e  f u e l  i n  the  s t a g n a n t  spaco b e h i n d  t h o  noz- 
z l e  f o r ' t h e  .P n o z z l e  ( s m i e s  X I I ) ,  w h i l e  i t ' i s  s n a t c h e d  
o f f  a b r u p t l y  w i t h  t h e  A nozz le .  .No r e m a r k a b l e  d i f f e r -  
e n c e s  i n  t h o  f i n e n e s s  o f  a t o m i z a t i o n  i s  agparent:  I n  t L e  
n e x t  p i c t u r e s ,  %at  a l o w e r  va luo  of K ( abou t  1700 crn'l) 
t h e  A n o z z l o  a l r e a d y  shows a s l i g h t  s u p e r i o r i t y ,  f o r  t h o  
f u e l  i s  t o r n  o f f  a b r u p t l y ,  w h i l e  t h e  g a t h e r i n g  t o g e t h e r  
i n  the s t a g n a n t  spacb  h a s ' i n c r e a s e d  w i t h  t h e .  P n o z z l e .  
The f u e l  b r e a k s  o f f  and forms r a t h e r  l a r g e  d r o p s .  Tae con- 
d i t i o n  p e i s i s t s  t o  the  l owes t  value of  K i n . p i c t u r e  5 ,  
whieh  shows the f i r s t  g r e a t ' g a t h e r i n g  t o g e t h e r .  i n  t h e  s t a g -  * 

n m t  siace f o r  the A n o z z l e .  T h e . a t o m i z a t i o n  w i t h  t h e  A 
n o z z l e  a p p e a r s  somewhat: f i f i e r  t h r o u g h o u t .  I am s o r r y  t h a t  
I cannot  g l v e  a measure f o r . c o m p a r i s o n  o f  t h e  t w o  n o z z l e s ,  
s i n c e  tLe  p i c t u r e s  d b  n o t  have enough c o n t r a s t .  

On t h e  o t h e r  hand ,  t h e  two n e x t  s e r i e s  (V and V I ) ,  
which show a c o a p a r i s o n  between V e n t u r i  a i r  n o z z l e ,  c o u l d  
b e  c o u n t e d  o u t  and measured under  a compara to r .  The p i c -  
t u r e s  tLiemselves shorn n o t h i n g  new i n  compar ison  w i t h  t h e  
p r e c e d i n g .  D i f f e r e n c e s  i n  t h e  d e g r e e  o f  a t o m i z a t i o n  c a n  
hardly be r e c o g n i z e d  Sa- t h e  naked e y e .  3ut e v a l u a t i o n  
w i t h  r e s p e c t  t o  the  number and s i z e  of t h e  d r o p s  i n  t h e  
r i g h t  h a l f '  o f  a p i c t u r e  gave s u r p r i s i n g  r e s u l t s .  Those 
a r e  shown i n  t w o  d i f f e r e n t  k i n d s  o f  c u r v e .  The f i r s t  
( f i g .  3) shows t h e  f r e q u o n c y  c u r v e s  usual i n  s t a t i s t i c s .  
I t  i s  s t r i k i n g  that  v e l o c i t y  has less i n f l u e n c e  on t h e  po-  
s i t i o n  o l  t h e  m a x i m u m  ( t h e  d i sp lacemen t  on t h e  d i a m e t e r  
a x i s  i s  t r f v i a l )  t h a n  on t h e  s t e e p n e s s  at t h e  ~iiaximum. A s  
K d e c r e a s e s ,  t h e  s l o p e  o f  the  c u r v e  on t h e  s i d e  of i n -  
c r e a s i a g  d i a m s t e r s  g e t s  s t e a d i l y  l e s s .  Vhat s i g n i f i c a n c e  
t3at h a s  i s  c l e a r l y  shown i n  the  n e x t  g r a p h s ,  t h e  volume 
d i s t r i b u t i o n  cu rves .  (F ig .  4,) These show what p e r c e n t -  
age  o f  t h e  t o t s 1  a tomized  volume b r e a k s  up i n t o  d r o p s  
whose d i a m e t e r s  l i e  between z e r o  and  t h a t  c o r r e s p o n d i n g  t o  
t h e  a b s c i s s a .  T h i s  manner o f  showi!ig r e s u l t s  has g r e a t e r  
p r a c t i c a l  i n t e r e s t ,  as one  can deduce  from i t  a meascre  o f  
t i e  v a l u e  o f  t h e  a t o m i z a t i o n .  For  i t  i s  c l e a r  t h a t  that 
c a r b c r e t o r  which,  u n d e r  o t h e r w i s e  e q u a l  c o n d i t i o n s ,  a t o m -  
i z e s  905 o f  t h e  fuel sirpolied t o  i t  i n t o  d r o p s  whose d i a n -  
c t e r s  l i e  between z e r o  a;id a c e r t a i n  limit i s  n o r e  e f f i -  
c i e n t  t h a n  a n o t h e r  c a r b u r e t o r  w i t h  which,  f o r  example,  o n l y  
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75;; l i e s  below t h i s  l i n i t .  One can  per'llaps t a k e  as t h e  
sim;>lest  n e a s u r e  o f  t k e  v a l u e  of t h e  a t o m i z a t i o n  t i e  diarn- 
e t e r  b e l o w  which l i e  tlile drop d i a i n e t e r s  o f  go$ o f  t h e  a t o m -  
i z e d  volume. For s h o r t ,  t h i s  w i l l  be c a l l e d  t h e  "90$  d i -  
ameter . "  From t h e  c u r v e s  o f  t h i s  c h a r t  ( f i g .  5) which con- 
tal : is  t i le r o s n l t s  of a survoy f o r  q u i t e  c r a n g e  of v e l o c -  
i t i e s ,  tile l19O$ dicmeters l l  have  .been  choson and a r o  ap- 
plied i n  t h o  nex t  char t ;  E'iguro 6 i s  a ' asc i ssa .  
d i ,w!otcrs r t  ra i igo f rom d = '0.18* ram at 
IC = 1420 cm'l t o  d = 0.8 mm a t  U* = 15.5 m / s ,  K = 1 2 0  
cm-l. 

Tho n90$ 
U* = 53.3 m / s ,  

A c o n f o r m i t y  t o  l a m  nay now 3 c  rocogn izcd .  I t  i s ,  how- 
o v c r ,  n o t  v o r y  easy t o  f o r m u l a t e ,  f o r  t h o  p r o c o s s  i s  ra thor  
coi:yplicato3. Ono iilust f i r s t  {Jot  c l e a r l y  i n  mind what phys- 
i c z l  p r o p o r t i o s  o f  t h e  t w o  lilodia, a i r  mid f u o l ,  rilay i n  
g c i i c r a l ,  be oxpoctod t o  i n f l u o n c o  t h o  r o s u l t .  Thc c o s t  in- 
p o r t z n t  aro d c n s i t y ,  s u r f a c e r t e n s i o n ,  and v i s c o s i t y .  A l l  
t h o  i n d r t i a  f o r c e s ' a r e  p r o p o r t i o n a l .  t o  t h e  d e n s i t y ;  t h o  
s u r f a c e  t o n s i o n  t e n d s  t o  dram t h o  s u r f a c e  t o g a t h o r ;  t h e  
v i s c o s i t y  p l a y s  t h e  more p a s s i v e  r o l e  o f  damping f o r c e .  
From t k e  d imens ions  of these q u a n t i t i e s  a l i n e  on t k e  I f l a w "  
cau be drawn,  I f  one c o n s i d e r s  f i r s t  an i d e a l  l i q i l i d ,  and 
t h e r e f o r e  o x i t s  c o n s i d e r a t i o n  of f r i c t i o n a l  f o r c e s ,  Ire s e e s  
t i a L  t he  mean drop  d i a m e t e r  d can  b e  a f u n c t i o n  o n l y  of 
t l ic c ' e n s i t y  p ,  t i i o  s u r f a c e  t e n s i o n  T ,  and t h e  re la-  
t i v e  a i r  speed  U of t k e  t w o  med ia ;  d = f (P, T ,  U). The 
o n l y  combina t ion  of t h e  t h r e e  i n d e p e n i e n t  v a r i a b l e s  that  
lias t i le  d.imensions 01' lengt: i s  T / P U  , t h e  r e c i p r o c a l  o f  
IC. The i?rop d i e m e t e r  l a w  nay t h e r e f o r e  be w r i t t e n :  

T 
P U  

d = c --z. 

Tke di: . iensionless q u a n t i t y  c n e e d ,  of c o u r s e ,  n o t  be c 
cor i s t an t .  Ra the r  i s  i t ,  i n  g e n e r a l ,  c o n s i d e r i n g  t h e  v i s -  
c o s i t y  i i l  b o t h  n e , 3 i a ,  a f u n c t i o n '  o f  some  d i m e n s i o n l o s s  
c o x j i n a t i o n  of  t h e  above-ncmod t h r o e  v a r i a b l o s  and t h e  v i s -  
c o s i t y  p,. Tho o n l y  d i m c n s i o n l o s s  combina t iox  o f  t i o s o  
q u a r z t i t i o s  i s  

T D = -- 
IJ. u. 

The dependanco o f  t h e  mean d rop  s i z o  lilay now b o  w r i t t o n :  
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T h i s  i s  t h e  sir.;ilarit$ l a w  o f  t h e  a t o m i z a t i o n  prob-  
1e;J. The f u n c t i o n  c w i l l  perh?a?s t a k e  d i f f e r e n t  f o r m s  
f o r  d i f i ' e r e i l t  f o P i a S  of  e x i t  nozz le .  T o r  one c a s e  t h e  
c u r v e s  S ~ O W I I  above ( f i g ,  5) indicate  i t s  c o u r s e .  I t  i s ,  of 
c o n r s e ,  u i i s e t t l e d  what d i a m e t e r ' t o  u s e  as t h e  llmean.ll 
P h y s i c a l l y  t h e  maximum of t h e  s i z e - d i s t r i b u t i o n  cu rve  i s  
o f  :lore impor t ance ,  S i n c e ,  however,  i t  c o u l a  n o t  be de-  
t e r m i n e d  w i t h  s u f f i c i e n t  o x a c t n e s s  i n  t i le c a s e s  under  con- 
s i d o r a t i o n ,  on accoun t  g f  i n s u f f i c i e n t  a u x i l i a r i e s ,  1 
have chosen  the '"90% diameter , !  wh ich  has t'ne advan tage  
ove r  t 3 e ,  o t h o r  of b e i n g  p r a c t i c a l l y  mor0 i m p o r t a n t ,  and 
nay be exprossod  more e x a c t l y ;  f o r  o n l y  abou t  10% of t h o  
t o t a l  atoniZod..oolumo 110s i n  t h o  part of t h o  f roquoncy  
curvo  botwoon 'zoro  and  the d i a n o t o r  of t h o  maximum.. 

.' 

I n  c o n c l u s i o n  I ' s h o u l d ' ' l i k 6  t o  gioo a b r i o f  resume.. 
of  t l iosc  r e s u l t s  which aro t h o  most i m p o r t k n t  f rom a p r a c -  
t i c a l  p o i c t  of view. 

Thc oxi t  s t a n d i n g  q a a n t i t y  o f  t h e  whole a t o n i z a t i o n  
problem i s  t h o  c h a r a c t e r i s t i c  K ,  aiid t h e r o f o r o  t h o  r a t i o  
o f  t h e  s t a t i c  p r e s s u r e  o f  t h e  a i r  stream w i t h  respec t .  t o  
t h e  l i q u i d  t o  t h e  surface t e n s i o n  of t h e  l i q u i d .  -The  
h i f ;her  i t s  v a l u e ,  t h e  b e t t e r  t h e  a t o m i z a t i o n .  One s h o u l d ,  
i f  ; , o s s i b l o ,  a v o i d  l e t t i n g  K f a l l  below a b o u t  300 t o  490 
cn", i f  oiie w i s h e s  f l e x i b l e  e n g i n e s .  T i i s  means t h e  u s e  
of 3, c a r b u r e t o r  o f  narrom s e c t i o n  and a i l a r r o w  i n t a k e  p i p e ,  
as i s  done i n  Axer i can  p r a c t i c e .  The h i g h  p r e s s u r e  d r o p  
at h i g h  s p e e d s  i s  u n d e s i r a b l e ,  b u t  u n a v o i d a b l e ,  and i s  
i i o t  d i s a g r e e a b l e  i n '  au tomobi le  e h g i n e s .  But c o n d i t i o n s  
z.re d t 2 ' l e r e a t  f o r  a i r c r a f t  e n g i n e s ,  which need  have o n l y  
a good i d l i n g  and a nar row f u l l - l o a d  speed  r a n g e .  Iil my 
ogi l i lon  t h o  b e s t  a r rangement  f o r  t h i s  would be a c a r b u r e t -  
o r  f o r  f u l l - l o a d ,  and an a c c e l e r a t i n g  a r rangement  for p a s s -  
i n g  frorri  i d l i i i g  t o  f u l l  load .  

TLe n?ia.?e o f  t h e  Ven tu r i  ( f i g .  7) p l a y s  a secondary  
r o l e .  The i n c r e a s e  o f  s e c t i o n  beyond the t h r o a t  had b e s t  
n o t  be t o o  a 3 r u p t .  The i n s e r t i o n  o f  a c y l i n d r i c a l  p i e c e  
would improve t h e  a t o m i z a t i o n  sonewhat ,  but p r o b a b l y  k a s  
a g r c e t e r  r e s i s t a n c e  c l s o .  

;:ore i s  t o  5e  e x p e c t e d  f r o m  improvements  i n  t h e  de- 
sign o f  t h e  n o z z l e .  (F ig .  8 , )  Even i f  t h e  o b j e c t  of t h e  
s t u d y  d e s c r i b e d  mere o n l y  the  d i s c o v e r y  and e s t a b l i s h m e n t  
o f  t:ic s i m i l a r i t y  l a w  f o r  a t o a i z a t i o n ,  y e t  t w o  s e r i e s  o f  
s t u 6 i e s  have  e s t a b l i s h e d  the  viow that  i t  is advan tageous  
t o  i i i t r o d n c e  t i l o  f u e l  i n  f r o n t  o f  a sharp-edged widen ing  
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of  t he  a i r - s t r e e m  s e c t i o n ,  s o  that  i t  e n t e r s ,  t h e  r e g i o n  of 
h i g h e s t  a i r  v e l o c i t y  a s  g r a d u a l l y  as p o s s i b l e .  Nozzle 
s n q J c s  I aad I1 a r e  s u p e r i o r  t o  I11 and 1 1 7 ,  which are 
q u i t e  p o p u l a r  a t  p r e s e n t .  

s t i l l  a m a t t e r  f o r  i n v e s t i g a t i o n .  B u t  t h e s e  r e s u l t s  suf- 
T ic0  :Cor node rn  f u e l s ,  whose v i s c o s i t y  i s  u s u a l l y  loss 
thsri that o f  a l c o h o l  o r  mater .  The c o n d i t i o n s  f o r  t h o  
s o n c n h a b  m o r e  v i s c o u s  f u e l s ,  o s p o c i a l l y  t h e  hsavy  o i l s ,  
may p e r h a p s  b o  found oil t h o  g rounds  of t h o  c a p i l l a r y - w a v e  
t'iloory. B u t  lioavy o i l s ,  f o r  o t h o r  r e a s o n s ,  may novcr  b o  
c o n s i d e r o d  as f u e l s  f o r  c a r b u r o t o r  enginos .  They m i l l ,  
ind-ccd, alvv-ays bo a p p l i e d  o x c l u s i v o l y  t o  i n j e c t i o n  o n g i a c s .  
A t o u i z a t i o n  i n  t h o s o ,  however,  i s  a u c h  s i n p l o r  t h a n  that  
i n  t h o  c a r b u r o t o r  o n g i n e ,  s i n c o  t h o y  can w o r k  at c o n s t a i l t  
injection v e l o c i t y  at a l l  r o t a t i v o  spoeds .  Zonco a l l  t h o  
at orAization d i f f i c u l t  i o s encoun to rod  at low r o t a t i v o  
speed-s (i  . e . ,  a i r  s p e e d s ) ,  v a n i s h .  Tho c o r b w c t o r  e n g i n c  
w i l l  n o t ,  however,  be d i s p o s e d  o f  f o r  a l o n g  t ime on t h i s  
a c c o u t ,  l o r  t h e  c a r b u r e t o r  i t s e l f  i s ,  i n  s p i t e  o f  a l l  i t s  
f a z l t s ,  such  an i n g e n i o u s  and s i m p l e  d e v i c e  that  i t  w i l l  
p r o 5 a b l y  r e i g n  supreme i n  t h e  f i e l d  o f  l i g h t  e n g i n e s  f o r  
many y e a r s  t o  come, 

Eow much e f f e c t  t h e  v i s c o s i t y  of t h o  f u e l  may have i s  

I 

. 

T r z n s l a t i o n  3y R. A .  Cast leman,  j r . ,  
Bur e au o f  S t and nr d 6, 

T a s h i n g t o n ,  D .  S., August 27, 1 9 3 1 .  
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Fdg. 1 Schematic sketch of apparatus, 

I Plan view 
I1 Side view 

Fig. 1 

1 ,Blower 10, Three-way cock 
2, By-yass valve (for fine regulation) 11, Measuring vessel 
33 Check valve ( f o r  coarse regulation) 12,Tube to carburetor model 
4, Jacob- tu\3 13, Ei$ voltage arrangement 
sa, 5b, ~;-es~ure-..leas~7.ring places 14, Illl~minating spark 
6, Manomc .I; t: r 15,Concave mirror 
7, Carburetor codel  16,Obj wtive 
8, Separator 17, Photographic plate 
9,Vessel f o r  l iquid 
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nAToMfZATIOIV" PICTUBES 
Scale 1.4 to 1 Liquids . 

Water, T about 74 dynes/cm. Alcohol, T about 24 d$nes/cm. 
U is the m e a n  air apeed in the narrowest section. 

I , ,  Series I, Picture 1, I", Series 1. Picture 4, * Carburetor set - up. 

12, Series T, Picture 2, 
later, U= 105 m/s, K= 1780 ano1 

Is, Series I, Picture 5, 
Alcohol, Us 55 m/s, K= 

9 1, : 
.ol, u= 13, Series E, Picture 3, 

water, U= 53 m/s, K= 4: 



Series 11, Picture 3. 113' 

112, Series 11, Picture 2. 114' Series 11, Picture 4. 



1112, Series 111, Picture 2, 
U= 118 m / s ,  K= 6890 cnid 

1113, Series 111, Picture 3, 
U= 57.2 m / s ,  K= 1640 cm-l 

I V 2 ,  Series IV, Picture 2, 
U= 104 m/s, K= 5420 emo1 



I 
1114, Series 111, Picture 4, 

U= 38.7 m / s ,  K= 750 uno' 

1115, Series 111, Picture 5, 
U= 32.1 m/s, K= 515 

IV5, Series IV, P i c  
U= 31 m/s, K= 4 

V- Plain Venturi VI- Parallel Venturi 

Carburetor set  - up fo r  series V and VI 
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k 0 Drop diameter Drop diameter 
k 

K= 690 cn-l :?fi. . . . -V= 3715 cmlsec. 

0 -  
+>r) 10 3~ 50 10 30 50 x 10-3cm 
0 rl b Drop dimetar 

Far  a1 1 e 1-V e n tux i I' V I  

Drop diameter 

Fig. 3 Drop distribution curves. 

Fig. 4 Volune distribution curves fo i -  pl?&in 
venturi and parallel v.snt-~ri .  
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1 .  

100 

80 100 x 10- U 
20 40 60 

Figs. 5 ,6  

3 m. 

Yip;.  5 Volxne d i s t r i h t i o n  curves f o r  various 
values of K.  

8 
0 

a 
ci, 

I 

I1 

80 

60 

40 

20 

0 

I1 /’ 2’ 1 

I) - 
p 2  

From capi l la ry  wave l m , n e g l e c t i n g  
v iscos i ty .  

From capi l la ry  wave law, taking 
accomt o f  visc0sit.j. 

Fig. 6 
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Figs, 7,8  

I 
, 

I 

I1 
Fig.7 Venturi nozzles. 

I11 

I 

i 

.- 

P 
I1 I11 

Fig.8 Fuel nozzles. 
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